This paper presents an application of a multihierarchical, symbolic model of large-scale space for representing the environment of a robotic wheelchair that has been automated for assistance to mobility impaired people. Rehabilitation robotics has an issue that is not present in mobile robotics: the need for an interface with the human driver. Our hierarchical model demonstrates its suitability to represent the environment in a structure easily manageable by the human (it serves as a good interface with the human's cognitive map) and, at the same time, provides better performance than flat topological maps in route planning. This is achieved by including multiple hierarchies of abstraction in the model, which improves the adaptation of the vehicle to its tasks and environment. The paper describes and illustrates an experiment in which the wheelchair, with the assistance of the human driver, builds a model of space and uses it for autonomous navigation.
Introduction
People with mobility impairments that use wheelchairs for travelling usually drive these vehicles either by hand or by using electric devices such as a joystick attached to one of the wheelchair's arms. However, many of these people find great difficulties in controlling repetitive and/or accurate navigation operations due to poor motor control or sensory limitations. A field of research has evolved during the last years on providing mobility impaired people with assistant vehicles that complete their skills ( [1] , [7] , [16] , [32] ). In this sense, electric wheelchairs allow automating much more of their operation: their motors can be bypassed introducing automatic, possibly computerized control loops; sophisticated sensors can be added in order to acquire varied information from both the environment and the user; computers can be carried onboard for processing all that information; etc. The main goal is to insert automatic actions in the normal operation of the vehicle in order to assist handicapped people and improve their mobility.
Most problems found in this research have strong resemblance to those of mobile robotics. However, there is an important difference ( [19] ): in a wheelchair there is always a human that drives the overall operation of the vehicle (his/her operation usually ranges from specifying abstract goals to physically driving the wheelchair), which leads to an essential requirement: the wheelchair automatic system must include a suitable human-vehicle interface in order to be easily commanded. This particular interfacing problem is the main point of divergence between mobile robotics and assistive robotics.
Such an interfacing comprises several levels, following the mentioned range of operation that the human can develop: from physical actuation on the wheelchair (voice recognition, eye-or face-movement commanding, etc.) to accessing the wheelchair's internal status and knowledge (goal communication, task planning interaction, etc.). There has been a lot of effort in literature directed to solve the former level of interfacing ( [4] , [5] , [23] , [24] , [37] ), but fewer to the latter. The work presented in this paper focuses on that less explored direction.
In particular, if the automatic wheelchair has the capability of symbolically modelling the spatial environment, which is a basis for more complex operations in any robotic vehicle, a suitable interface between this model and the map-in-the-head carried by the human (the cognitive map 2 ) ( [29] ) should be provided. The complexity of such an interface highly depends on the differences existing between both spatial representations: it is more difficult, for example, to interface the human cognitive map with a subsymbolic neural network model of space ( [40] ) or with an evidence grid ( [6] , [33] , [38] ) than with a graphlike representation which nodes correspond to human concepts such as "places of interest", "rooms", "corridors", etc. ( [27] , [28] ).
In this line of research, we present a computerized electric wheelchair with a symbolic representation of large-scale environments which is modelled by multiple hierarchies of abstraction. Abstraction and multiple abstraction create symbolic models that both help in improving the performance of the system and are human-inspired ( [14] , [15] ). The utility of constructing and maintaining such kind of model arises specially in modelling large-scale spaces, although in smaller spaces it demonstrates also its greater potential for adaptation to the environment, tasks and the agent that operates in it (that is, the model allows the agent to operate more efficiently when abstraction is used).
Abstraction is a mechanism widely used by humans ( [20] , [22] , [29] , [30] ). It serves to reduce the amount of information considered for coping with a complex, high-detailed world: concepts are grouped into more general ones and these are considered new concepts that can be abstracted again. The result is a hierarchy of abstraction or a hierarchy of concepts that ends when all information is modelled by a single universal concept.
It seems that humans also use multiple abstraction ( [35] , [39] ) (multiple hierarchies of abstraction built upon the same ground information) for improving our adaptation capabilities to different environments, achieving better performance if we can select the best hierarchy for performing a given operation. Some interesting ideas arise when exploring this multihierarchical paradigm:
• Hierarchies of concepts allow humans to perform operations more efficiently than using nonhierarchical, flat data.
• The hierarchy of concepts that is good for performing efficiently a given operation may be not so good to execute a different operation.
• The hierarchy of concepts that is good for a given operation depends on the sensorimotor apparatus of the agent and on the particular environment where it operates.
• It is desirable to construct more than one hierarchy on the same set of ground elements if more than one operation is considered. For example, if more than one task is to be performed, or if the agent has to operate in very complex or several environments.
In this paper we investigate the use of a multihierarchical model of the environment, called Multi-AHgraph, to provide an autonomous robotic wheelchair with an internal representation of the world for cognitive interfacing with the human driver. This model, that has also demonstrated to perform better than flat graph or non-graph representations when planning routes for navigation ( [14] ), has been integrated in a software architecture for controlling the assistive operation of our robotic wheelchair SENA. Such architecture includes different reactive, local procedures for navigation, capabilities for semi-autonomous creation of the symbolic model, and several physical interfaces with the human driver (joystick, voice recognition, etc.). Up to our knowledge, this is the first intent to use a multiple hierarchy of abstraction for modeling a robot environment in order to achieve a good concept-interface with a human in an assistive context. For achieving that goal, the paper extends some previous work of the authors mainly on multiple abstractions, which are briefly reviewed in the paper for completeness.
The rest of the document is structured as follows: section 2 describes the multihierarchical, symbolic model of the environment. Its construction and implementation for assistive exploration and navigation is presented in section 3. Section 4 presents the SENA wheelchair, the control architecture implemented and an illustrative example of assistive navigation. Finally, some conclusions of this work and future lines of research are outlined.
A Multihierarchical Model of the Environment
This section describes informally a graph-based model of multiple abstraction, called Multi-AH-graph, which is derived from simpler representations such as flat graphs or hierarchical graphs, and has been successfully used in other mobile robot experiments ( [13] , [35] ). Complete formalizations of all these models can be found in ( [14] , [15] ). Section 2.1 focuses on the single-hierarchy model, called AH-graph, which models hierarchies of abstraction. Those hierarchies are the base for the construction of multihierarchies. Section 2.2 presents the multihierarchical model, i.e.: the Multi-AH-graph.
Single-Hierarchy Graph Model (AH-graph)
An AH-graph is a graph representation that includes hierarchical information, that is, the possibility of abstracting groups of elements to "super-elements". Abstraction produces different layers that can represent the same environment with different amount of detail. These layers are called hierarchical levels, and are isolated from one another. They consist of flat graphs whose nodes represent elements of the environment, and whose arcs represent relations between those elements. Relations can be of different types 3 . A simple example of AH-graph with a single type of relation representing "connected by a rigid union" is shown in fig. 1 .
A group of nodes of a hierarchical level can be abstracted to a single node of the next higher hierarchical level, which becomes their supernode (the original nodes are called subnodes of that supernode). Analogously, a group of arcs of a hierarchical level can be represented by a single arc (their superarc) at the next higher level. The lowest hierarchical level of the AH-graph is called the ground level, and it represents the environment with the maximum amount of detail that is available. The highest hierarchical level is called the universal level, and it represents the environment typically only by a single node. A path in a given hierarchical level of the AH-graph is a sequence of adjacent arcs that connect a given start node of the level to a given goal node of the same level. The well-known problem of path searching consists of finding a path that connects two nodes, possibly optimizing some goodness measure such as the sum of the costs of its arcs. In AH-graphs, there exists a variant of path searching, called hierarchical path search, that uses the higher hierarchical levels for reducing the computational cost of the search. Hierarchical path search and the optimality of the paths that it yields have been studied elsewhere ( [13] , [14] ).
The AH-graph is not only its hierarchical structure: nodes and arcs can hold any piece of non-structural information (procedural, geometrical, etc.). This is achieved by means of annotations. Any number of annotations can be attached to a node or arc.
Finally, the arcs of an AH-graph have associated costs that usually represent the strength of the relations they model. They are not defined as numeric values like in typical flat graphs, but as finite numeric intervals. Numeric intervals enable the AH-graph to deal with a certain degree of uncertainty in geometrical measurements. An additional benefit of this simple representation of costs is that they can be automatically abstracted through the arcs of different hierarchical levels in an efficient manner: a group of numeric intervals can be propagated to a new numeric interval (the cost of the corresponding superarc) whose minimum value is the lowest of the minimum values of the numeric intervals, and whose maximum value is the greatest of their maximum values.
Multihierarchical Graph Model (Multi-AH-graph)
The AH-graph model explained in section 2.1 can be enhanced in order to deal with multiple hierarchies of abstraction. This new model is called Multi-AH-graph.
Broadly speaking, a Multi-AH-graph is a set of hierarchies interwoven in a directed acyclic graph structure, where each hierarchy is an AH-graph whose levels can be shared by others hierarchies (see fig. 2 ). The number of shared hierarchical levels depends upon the power of detecting equivalence between hierarchical levels of the multihierarchy ( [15] ). Any hierarchical level which is the lowest level in some hierarchy is called a ground hierarchical level of the Multi-AH-graph. A hierarchical level which is the highest one in some hierarchy is called an universal hierarchical level. It is common to use Multi-AH-graph models that contain just one ground and one universal hierarchical level, such as the ones presented in the rest of this paper. In that particular case, different paths in the multihierarchy between the ground level and the universal level account for hierarchies produced by different abstraction operations.
As mentioned above, a Multi-AH-graph may be seen as a directed, acyclic multi-graph ( [15] ) whose nodes are the hierarchical levels of the AH-graphs that take part of it, and whose arcs are the abstraction links between hierarchical levels.
Using a symbolic, multihierarchical representation of the environment implies three important benefits: first, a multiple hierarchy permits us to choose the best hierarchy to solve each problem (i.e.: to adapt better to diverse problems, improving the overall efficiency, please refer to [14] for more detail); second, when several problems have to be solved, a multiple hierarchy provides the possibility of solving part of them simultaneously; and third, solutions to the problems can be expressed in terms of the concepts of any of the hierarchies, thus the information is given in the most suitable way for each specific purpose. In general, multiple hierarchies have proven to be a more adaptable model than single-hierarchy or non-hierarchical models ( [15] ). This has been recently demonstrated in the particular case of graph search, which has a direct influence on mobile robot route planning ( [14] ).
A Multihierarchy for Assistive Navigation
In this work, we use the Multi-AH-graph model in order to provide an autonomous robotic wheelchair with an internal representation of world for both a) efficiently task planning and execution, and b) as an intuitive interface with the human driver. The overall structure of the Multi-AH-graph for coping with that consists of a unique ground hierarchical level shared by the following hierarchies: i) a "cognitive" hierarchy for interfacing with the human driver's cognitive map, ii) a "localization" hierarchy for the operation of localizing the vehicle automatically in its environment while navigating, and iii) several "route-planning" hierarchies for planning routes efficiently for navigation. Additional hierarchies could be constructed upon the ground level to improve the efficiency of the model in other operations (for example: task planning for different tasks -i.e.: object delivering, docking, etc.-).
In this paper, the person guiding the wheelchair is assumed to have cognitive capabilities enough to identify and select points and regions of interest in her/his routes across the environment (currently via a computer terminal and a voice interface). In particular, the input from the human helps in constructing the cognitive hierarchy of the Multi-AH-graph, as described further on.
The structure of the current section is as follows. Section 3.1 describes the ground hierarchical level upon which all the hierarchies of the Multi-AH-graph are constructed (that level is constructed in a semiautonomous mode: both the human driver and the vehicle provide ground information). Section 3.2 describes the hierarchy constructed for the localization of the vehicle during navigation. Section 3.3 describes the hierarchy of the Multi-AH-graph which resembles the human cognitive map (the so-called "cognitive hierarchy"). That hierarchy is constructed in an assisted manner for achieving a close cognitivemap/vehicle's-model matching. Section 3.4, finally, presents the other "route-planning" hierarchies, which are not tied to such a close resembling, but to achieve efficiency in performing route-planning tasks instead. The creation of these latter hierarchies is carried out by a system called C.L.AU.D.I.A. (Concept Learning, Autonomous Device that Improves Abstraction) that constructs and optimizes multiple hierarchies of abstraction given an agent, some tasks to perform, and an environment where the agent performs them.
The Ground Hierarchical Level of the Multihierarchy
Nodes of the ground hierarchical level of the multihierarchy will represent distinctive places of the environment. Distinctive places are a basic concept of human knowledge for navigation and localization ( [26] , [30] ). They can be identified both by the automatic system itself ( [31] ) and/or by a human user. In our case, distinctive places are selected manually by the human driver at those locations that may become a destination when navigating.
In our implementation, nodes of the ground hierarchical level are annotated with local 2D maps (see fig.  3 ) of the environment. These maps are a set of line segments constructed automatically by the robot at each distinctive place from the data provided by a radial laser scanner ( [18] ). Such local 2D maps serve to localize the vehicle locally ( [34] ), as explained further on.
Global Map
Local Map Arcs of the ground level represent the possibility of moving the vehicle from their start to their goal nodes (that is, between distinctive places). The cost of an arc at the ground level holds a summary of the distances measured at each of the travels already executed between both nodes, in the form of a numeric interval, which serves to plan routes (i.e.: searching paths in the hierarchy) that are optimal with respect to their total distance (in particular, the route-planning hierarchies of the Multi-AH-graph that are constructed upon the ground level will use that information). Similarly, human's cognitive maps include some metrical information in the topological relations between distinctive places ( [30] ). Thus, this representation satisfies the good-interface-with-human-cognitive-map condition.
Any ground arc also holds an annotation with the relative position between start and goal distinctive places. In the cases where travelling along the arc requires special accurateness, a geometrical trajectory can also be attached to the arc as an annotation in order to track it when navigating.
This approach for modeling large-scale space at the ground level of the Multi-AH-graph is called in robotics research a topological map ([3]), being recognized as an important component of the human's cognitive map ( [29] ). As demonstrated in many works, a flat topological map has several advantages in exploration and navigation:
-It is scalable, that is, large-scale environments can be represented without the accumulation of geometrical errors. -The problem of navigation is decomposed in travelling sequentially between nearby locations, reducing odometric errors. -The representation is more human-friendly than others, allowing the system to communicate its status more efficiently to human operators.
Moreover, we enhance flat topological maps with abstraction, which is not common in literature. It seems that the human cognitive map includes such mechanism, thus our model improves both the route planning process and the interfacing with the human driver.
The Localization Hierarchy
The localization hierarchy is used in our model for holding the geometrical information needed for localizing the vehicle in an accurate manner during navigation and exploration. It consists of only one hierarchical level built upon the ground level of the multihierarchy. That "localization level" is abstracted directly to the universal level of the multihierarchy (the one that is common for all the hierarchies and only contains one node representing the whole environment).
Nodes of the localization level represent local regions of space (see fig. 4 ). Such regions should facilitate the localization of the robot in a continuous manner, i.e., by means of the same set of landmarks within each region. Thus, each region corresponds to a group of nearby distinctive places that share a sufficient number of landmarks for localization, which can be automatically detected by the robot. For example, the distinctive places inside a room are usually considered to be abstracted to a different region than the distinctive places of an adjacent corridor, since localization within the room uses different sets of landmarks (in our case, 2D line segment maps) than localization within the corridor. This kind of regions bears a strong resemblance to that used by humans when navigating: we pay attention to different landmarks in different spatial areas. This provides the localization hierarchy with certain degree of similarity to the cognitive map of the human user, although such requirement is not mandatory. For localization purposes, nodes of this hierarchical level hold annotations containing global 2D maps 4 (see fig. 3 ) that are the result of merging the local maps of their sub-nodes (distinctive places). Global maps are used to estimate the robot location at certain moments during navigation ( [8] , [9] , [18] ). The main point in clustering the environment into this kind of areas is to reset the odometric error accumulated during navigation ( [10] ): if only one big map had been used it would produce unacceptable localization errors for large environments.
There is no special annotation into arcs of this level. These arcs are abstractions of the arcs that connect at the ground level of the multihierarchy distinctive places of different regions.
The Cognitive Hierarchy
The following paragraphs describe how a hierarchy has been designed for interfacing with the wheelchair driver's cognitive map. The sequence of hierarchical levels of that cognitive hierarchy is constructed by the human driver, so its length and shape may vary largely (see fig. 4 and 5) .
Nodes of the hierarchical levels of the cognitive hierarchy represent different groupings of distinctive places, defined by the human to directly match to her/his cognitive map. Typically, local groups of distinctive places within a room are grouped into a super-node that represents the room, groups of rooms and corridors are grouped into floors, floors are grouped into buildings, and so on. The main goal is to reproduce in the Multi-AH-graph the cognitive arrangement of the space made by the human, in order to improve the interfacing with the vehicle internal representation at the time the driver communicates a navigation task.
Although specific hierarchies are available for route-planning (as it will be explained in next section), the cognitive hierarchy may also improve the computational efficiency of route planning due to the existence of many hierarchical levels. As an added benefit of planning using this hierarchy is that the resulting plans are described in concepts -nodes and arcs-understandable by the human. Nodes of the cognitive levels hold annotations corresponding to the merged global 2D maps attached to their sub-nodes. Although these abstracted maps are not used for navigation (due to their discontinuities in localization), they can be useful for representing large areas of the environment for human visualization.
Arcs of these levels hold costs formed by the propagation of numeric intervals, and represent the distances between large spatial areas. These costs serve, again, for finding suitable (short) routes during route planning whenever this hierarchy is used, or just for information purposes.
Route-Planning Hierarchies of the Multi-AH-graph
The cognitive hierarchy may not be the most suitable representation of the environment to solve some tasks, like those involving search problems (optimal route finding, task planning, etc.). As mentioned before, different tasks require different representation of the environment for the vehicle to perform more efficiently (see fig. 5 ).
The goal of the route-planning hierarchies of our Multi-AH-graph is to make available to the vehicle as a part of its environment model a set of structures that improve efficiency in the route planning process. There may exists more than one route-planning hierarchy since that improves even more the adaptation of the model to solve different route planning (=path search) problems. In addition, when more than one search problem is to be solved, the use of more than one hierarchy may allow the system to solve part of them simoultaneously. The availability of more than one route-planning hierarchy is also convenient for searching routes under different criteria of optimality (length, computational efficiency are the most typical ones). That is, a hierarchy may adapt better to solve search problems with low computational cost, while other may adapt better to obtain shorter routes (both criteria often are incompatible and therefore rarely are met together with only one hierarchy). These and other results on the advantages of multihierarchical graph search have been stated elsewhere ( [14] ).
Nodes of the hierarchical levels of the route-planning hierarchies represent either distinctive places (at the ground level of the hierarchies) or groupings of them. They hold annotations with geometric information (again at the ground level of the hierarchies) or no annotation at all (at higher levels). Arcs of the hierarchical levels of the route-planning hierarchies that are built upon the ground level represent abstractions of lower arcs, and therefore hold annotations with length of travelling information, which is useful for finding optimal length routes.
The route-planning hierarchies are created in our model automatically. They are modified as the experience of the vehicle increases in order to improve their optimality in route planning, that is, for improving the adaptation of the vehicle to the particular environment where it works. For achieving both goals (automatic construction and automatic optimization) we use a system called C.L.AU.D.I.A. ( [14] , [15] ) which improves a multihierarchy of abstraction by varying the structure of the multihierarchy searching for a better behaviour of the model under the execution of the current tasks of the agent in its current environment. The C.L.AU.D.I.A. system is divided into two main parts: the ground information interface (GI 2 ), and the abstraction constructor (ACO), that work as follows.
The GI 2 provides ground concepts and relations to the ACO. When CLAUDIA is used in mobile robots, the GI 2 is the interface between the information acquired by the sensory system and the multihierarchical model: it yields a flat graph whose nodes represent elements (such as distinctive places), and whose arcs represent relation existing between nodes (for example: navigability). In the case presented in this paper, the GI 2 consists of the semi-autonomous procedure commented in section 3.1 for constructing the ground level shared by all the hierarchies.
The ACO subsystem constructs symbolic multihierarchies upon the ground flat graph provided by the GI 2 . It does that by using several clustering methods, and also optimizes the result. Broadly, the optimization process works by creating initial multiple hierarchies that are slightly varied later (by using different clusterings from the initial ones) while the agent is performing operations in the evironment. The best variations of the initial multihierarchy are kept and the others discarded, in a local-optimization scheme. Thus, the hierarchies in charge of route planning improve with the experience of the vehicle, adapting to the particular route planning problems that they must solve. These route planning problems does not only specify the start and goal nodes of the route, but also the criteria under which the route planning must find an optimal route (length of the route, computational cost of the search, or a linear combination of both). This scheme includes a mechanism for predicting which hierarchy will yield the best result for a given problem, which is used in order to select the best hierarchy for solving it. Further detail about C.L.AU.D.I.A. applied to mobile robot route planning can be found in [15] .
Assistive Navigation of the SENA Robotic Wheelchair
This section describes our robotic wheelchair and how the multihierarchical model of the environment has been used for efficient assistive navigation. Fig. 6 shows the SENA wheelchair, a mobile robot developed at the System Engineering and Automation Department of the University of Málaga. It is based on a commercial electric wheelchair that has been equipped with different sensors and actuators, managed from an onboard computer that is connected to remote stations via radio ethernet. The main goal of SENA is to serve for facilitating physical displacements to impaired persons.
Hardware and Software of the SENA Electric Wheelchair
Sensors that are available in the wheelchair include a CCD monochrome camera mounted upon a pan-tilt unit (which is not used in this work), a retractile 180º radial laser scanner in front of the chair, and several infrared proximity sensors.
The software architecture implemented for the SENA wheelchair has been built upon a system for integrating distributed software modules, developed in the last years recently integrated into a complete software development system called BABEL ( [11] , [12] ). Under this system, a set of software modules can communicate and coordinate in order to make up a complete robotic application, possibly distributed among a number of computers connected by a network. Fig. 6 . The SENA robotic wheelchair. It includes infrared, laser sensors, and a video camera, although in this paper only the radial laser scanner and infrared sensors have been used.
The Multi-AH-graph model has been implemented as two software modules: one for the model itself and another for the user interface including both graphical and voice utilities that allows the human driver to interact with the Multi-AH-graph (coordinate the construction and use of the information of the cognitive hierarchy, commanding tasks, etc.). These modules (and any other of the application) communicate each other through an implementation of the CORBA standard for distributed object programming ( [21] ) called ACE+TAO ( [36] ), which includes real-time facilities. However, the programmer has not to deal with the CORBA specification, since BABEL includes a visual designing tool which automatically generates most of the code in charge of communicating the modules. This framework enables the researchers to satisfy basic software quality constraints while assuring robustness, flexibility, and efficiency. Fig. 7 . Modules of the software architecture implemented for the SENA wheelchair in order to perform the experiments described in the text.
The software modules implemented for the SENA's control architecture are shown in fig. 7 . They work as follows:
• The Radial Laser Scanner module scans the environment yielding a sequence of distances between the robotic wheelchair and the nearest obstacles.
• The Infrared Sensors module scans the environment through the infrared sensor ring placed around the robot in order to detect unexpected near obstacles.
• The Position Estimator & Map Management module includes three sub-modules:
o The 2D Local Map module takes the sequence of distances returned by the radial laser manager and generates a 2D line-segment map of the immediate surroundings of the vehicle ( [17] ). o The 2D Global Map module merges two maps into one global 2D map ([ [2] , [34] ). This process is carried out each time the robot takes a new local map, in order to update the current global map of the environment in the localization hierarchy. The resulting merged global map is annotated into the supernode that represents that region. o With a global map corresponding to a given continuous-localization area of the environment, a local map taken by the robot at certain location within that area, and the odometric position of the robot, the Position Estimator module calculates the SENA location by superposing both maps ( [34] ). Thus, the robot's localization is kept within the tolerance of this position estimation method, which it has shown to be less than 5 cm. in this scenario.
• Three different algorithms have been implemented for local navigation between distinctive places.
o The Reactive Navigator module can move the robot from its current position to a nearby location avoiding obstacles without requiring an explicit geometric trajectory calculation. o The Path-planning Navigator module takes the global map of a certain spatial area and the initial and final locations within it in order to plan a free-obstacles path. This planned path is then tracked by SENA to perform the local navigation task.
o The Path-recorded Navigator module obtains a geometric path previously stored in an arc of the ground level of the Multi-AH-graph (during the model creation process, as mentioned in section 3.1). That path is then followed by SENA.
• The Collision Detection module checks periodically the laser scanner readings and the information gathered by the infrared sensors in order to detect an obstacle nearer than a given minimal safe limit. If such a critical (and unrecoverable) situation is detected, it notifies the event to the motion manager to stop SENA.
• The Motion Manager of SENA carries out the control of SENA's motors and provides motion services like tracking geometric paths, and odometric services like reading or resetting the error accumulated in the odometric position of the robot.
• The Multi-AH-graph Manager creates, modifies, and maintains the Multi-AH-graph that represents the environment. It allows the Assitive Learning module, described below, to store environmental and cognitive information required for navigation tasks.
• The AH-graph Interface permits the human to interact with the Multi-AH-graph manager and the Assistive Navigation module through a visual and voice 5 interface (see fig. 8 ). Only the AH-graph that represents the cognitive hierarchy is accessible to the operator through this interface.
• The Assistive Learning module uses the other modules to create the assistive hierarchical levels of the Multi-AH-graph (that is, the ground level and all the levels of the cognitive hierarchy), and annotates maps and positions in both nodes and arcs as described in section 3.1.
• Finally, the Assistive Navigation module performs the global navigation tasks, that is, it carries out the experiment described in the following sections. 
SENA Navigation
The experiment carried out by SENA consists of two different stages: a model creation stage which constructs the Multi-AH-graph, and a navigation stage that uses the Multi-AH-graph information to plan routes and navigate from one location to another. These tasks can be carried out at different times (they could be interleaved), taking into account just that a spatial continuous-localization region must be completely represented in the Multi-AH-graph in order to perform safe navigation through it.
Model Creation Stage
During the model creation stage, the human driver indicates whether the wheelchair is in a location, let's say P1, which is a distinctive place, and therefore should be represented by a node at the common ground level of the multihierarchy. A 2D local map is constructed automatically from that place as a line-segment map, annotating it into the just created ground node. Then, SENA is moved to a new distinctive place, let's say P2, creating both a new node (for P2) and an arc (from P1 to P2). Then, the Assistive Learning module annotates into the arc the relative position, travelled distance, and possibly other useful information. This process is repeated as many times as distinctive places the operator selects in a certain area. When the human driver decides that SENA is leaving to a new cognitive area of the environment (for example, a new room), a supernode is created in the first level of the cognitive hierarchy in order to group all the distinctive places that have been sampled. The process described up to this point can also start from an existing node at the ground level. This option allows the system to extend the existing ground level by adding new distinctive places and navigability relationships (ground nodes and arcs). Cyclic topological maps can be created: when SENA models an environment it can return to a distinctive place already visited. The human must indicate when a distinctive place has already been explored. In that case, no new node will be created at the ground level of the multihierarchy, but only a new arc and its annotations. The other levels of the cognitive hierarchy can be created by the human driver in a friendly manner through the AH-graph user interface, grouping certain nodes that represent rooms, corridors, etc., into more abstract concepts at the next hierarchical level of the cognitive hierarchy.
During this model creation stage, the localization hierarchy is automatically constructed by using the ground nodes created by the human driver and their annotations (2D local maps). Analogously, some initial route-planning hierarchies are generated by C.L.AU.D.I.A. automatically (since they are initial structures that can vary through experience, they usually are generated randomly).
Navigation Stage
Once a suitable Multi-AH-graph model of the environment is available (with a cognitive hierarchy, a localization hierarchy, and some route-planning hierarchies), the wheelchair is ready to navigate. In this second stage, SENA starts from a known distinctive place. The cognitive hierarchy is either requested by the voice recognition interface or graphically shown for the human driver to select the goal node of the navigation task (i.e.: go to "close to the desk at my office") (see Fig 4) . This place is easily identified and selected by the human since it has been previously defined by himself/herself. Any node of the cognitive hierarchy, at any hierarchical level, can be selected as the destination of the navigation task (i.e.: go to "Library" see fig. 4 again) . If the task does not specify a ground node as a destination, some subnode of the abstract location specified by the human driver will be chosen. This can be done following different selection strategies, such as taking the most frequently visited subnode or may be just taking one subnode at random.
When the goal node is specified, that is, the navigation task is completely defined, C.L.AU.D.I.A. checks for a suitability route-planning hierarchy to perform efficiently the task (for more details in the possible strategies for selecting an appropriate hierarchy, please see [14] , [15] ). SENA will plan a route that connects its current position to the goal location by performing a hierarchical path search on the selected routeplanning hierarchy. The route is then refined down to the ground level. The resulting ground route can be abstracted later using any of the other hierarchies of the Multi-AH-graph. In particular, for performing physical navigation, it is abstracted through the localization hierarchy, which yields appropriate global maps for estimating the pose of the vehicle during the travelling. In summary, SENA performs physical navigation aided by the annotations stored in arcs and nodes of the resulting ground route and of the abstracted localization route. At any time, unexpected unavoidable obstacles will be avoided by the Collision Detection module.
As mentioned in section 3.4, the route-planning hierarchies are modified (optimized) after the routeplanning and navigation operation has been performed and a measurement of their goodness is available.
During the navigation stage some information is given to the driver through the AH-graph or voice interfaces. For example, the sequence of nodes involved in the route are abstracted along the of the cognitive hierarchy and communicated to the driver in order to report her/his position in terms of her/his cognitive map 6 .
Conclusions
The work presented in this paper combines through a multihierarchical model the possibility of performing efficient navigation task along with the suitability of an user interface to the human's cognitive map.
In particular, this paper has explored the role of a multihierarchical topological map in assistive indoor navigation for mobility impaired people. For that purpose, the Multi-AH-graph model, which has proven its efficiency elsewhere in path-searching and other large-scale modeling tasks for mobile robots has been integrated with a software architecture that demonstrates its suitability as a cognitive interface between the driver's cognitive map and the vehicle's internal representation of the world. This cognitive interface partly created in a human-like manner allows an impaired person to command a wheelchair for navigation tasks in a very easy and intuitive way.
The experiments carried out prove that the assisted learning of the cognitive model is a suitable solution for performing navigation in structured environments integrating both automatic and human-based knowledge. Furthermore this is a general implementation, that is, the Multi-AH-graph is ready to store other types of annotations that future applications might need. So the model-creation/navigation stages could be improved by using more environmental information, for example, the one acquired through devices such as the monochrome CCD camera.
